We report here the genetic identification of a female partial-sterile mutant derived from soybean mutant L67-3483. L67-3483, which originated from the cultivar Clark after X-ray irradiation, is male and female fertile. All F 1 plants in reciprocal pollinations of L67-3483 with 'Clark', 'Minsoy', or 'BSR 101' were female partial sterile. Partial sterility is expressed in the heterozygous condition at a single locus and upon self-pollination this locus exhibits a 1:1 segregation pattern. This locus is located on the terminus of the soybean molecular linkage group D1b+W, between simple sequence repeat (SSR) markers Satt157 and Satt266, and is linked to each by 5.3 and 1.2 cM, respectively. This gene is transmitted through both female and male gametes and there was no segregation distortion of SSR markers linked to this gene. We concluded that this female partial-sterile gene is a new mutation class, and differs from the previously reported mutation classes in soybean, i.e., sporophytic mutation, gametophytic female-specific mutation, and general gametophytic mutation. Restriction of recombination around the mutant gene suggested that this gene is located near or within (a) small inversion(s) or adjacent to (a) chromosomal deletion(s).
Introduction
Sexual reproduction constitutes an important event in the life cycle of a plant. In seed plants, the ovule represents the major female reproductive organ. The ovule carries the egg cell, which is the organ where fertilization occurs, and it develops into the seed, which harbors the plant embryo.
Not long after the rediscovery of Mendel's laws of heredity in 1900, it was found that some mutations exhibit aberrant segregation patterns (Correns 1902) . It was later determined that these mutations affect the gametophytic phase of the plant's life cycle (Brink and MacGillivary 1924; Jones 1924) . Over the intervening years, it has become clear that plants contain two classes of mutations that exhibit fundamentally different segregation patterns. Sporophytic mutations affect sporophytically expressed genes and generally exhibit a Mendelian 3:1 segregation pattern. In contrast, gametophytic mutations affect gametophytically expressed genes and are not transmitted through the female (egg) and (or) male (sperm). These gametophytic mutations exhibit apparent non-Mendelian segregation patterns and can only be passed from generation to generation as heterozygotes. Gametophytic mutations are classified into three subclasses as follows: (i) female gametophyte specific mutations (egg killers) in which the female gametophyte is affected, but not the male gametophyte, and which are transmitted through the male parent only; (ii) male gametophyte specific muta-tions (pollen killers) in which the male gametophyte is affected, but not the female gametophyte, and which are transmitted through the female parent only; and (iii) general gametophyte mutations (gamete eliminators) in which both the female and male gametophytes are affected, and which are transmitted through neither female nor male parent.
For decades, the development of the ovule was only very poorly understood at the genetic and molecular levels. However, this situation is changing through investigations in Arabidopsis (Schneitz 1999; Drews et al. 1998; Grossniklaus and Schneitz 1998) , maize (Zea mays) (Drews et al. 1998) , and Petunia Colombo et al. 1995) . Mutations in many genes with important functions in ovule development lead to sterility and this trait is easily scorable in regular mutagenesis experiments.
In soybean, four partial female-sterile mutants, PS-1 to PS-4, were identified from a gene-tagging study (Palmer et al. 1989) . PS-1 is associated with a single recessive gene (Pereira et al. 1997a) and is classified as a sporophytic mutation. Mutants PS-2 to PS-4 are expressed only when heterozygous at a single locus and are transmitted only through the male parent (Pereira et al. 1997b) . They are thus classified as female gametophyte specific mutations (egg-killers). In addition to these four mutants, a female partial-sterile factor was identified in L67-3483 in 1993. L67-3483 was recorded as a tan saddle seed coat (k2) mutant, which was found by Dr. L.F. Williams in 1955 in X-ray irradiated 'Clark' at Columbia, Mo. L67-3483 is completely fertile upon self pollination; however, when it is used in reciprocal crosses, all F 1 plants are female partial sterile. The F 1 pollen grains appear to be normal as judged by I 2 KI staining. However, Ilarslan et al. (2003) recorded ovule abortion at maturity for three years in the near-isogenic lines 'Clark' (6.4%), L67-3483 (8.1%), and the F 1 hybrid (41.4%). Microscopically, Ilarslan et al. (2003) observed that incomplete megagametophyte development contributed to either failure of double fertilization or early megagametophyte abortion.
The objectives of the present study were to determine the inheritance and genetic map location of this female partialsterile gene in L67-3483.
Materials and methods

Genetic analysis
The experimental line L67-3483 was obtained from Dr. R.L. Nelson, USDA-ARS, Urbana, Illinois. 'Clark' (female parent) was crossed with L67-3483 using standard soybean crossing techniques (Walker et al. 1979) . Five F 1 plants expressed female partial sterility. Female partial-sterile plants are easily identified at maturity by a reduced number of seeds per pod compared with fertile plants, which produce mostly three-or four-seeded pods. Sixteen fertile F 2 plants, progeny of a single F 1 plant, were identified at harvest; i.e., they had normal pod set and were single-plant threshed.
Third filial generation plants from progeny rows of these 16 fertile F 2 plants were crossed as female parent to cultivar BSR 101 and to L67-3483 at the University of Puerto RicoIowa State University Soybean Nursery near Isabela, Puerto Rico, in March 1995. The F 1 plants were grown in the USDA glasshouse at Iowa State University in the summer of 1995.
Pollen samples from each F 1 plant were collected, stained with I 2 KI, and examined microscopically. Seed set on each F 1 plant was classified phenotypically as normal or female partial sterile. The F 1 plants were single-plant threshed and evaluated in the F 2 generation at the Bruner Farm near Ames, Iowa, in the summer of 1996.
To identify the genetic interaction between tan saddle (k2) and female partial-sterility mutations, L67-3483 was crossed with X1878, a soybean breeding line with yellow seed coat (K2). X1878 was kindly provided by the Asgrow Seed Company (Ames, Iowa). Crosses were made at the Bruner Farm in the summer of 1994. First filial generation seeds were advanced to F 2 seeds at the University of Puerto Rico -Iowa State University Soybean Nursery in March 1995. Second filial generation seeds were planted at the Bruner Farm in summer 1995. Segregations for fertility and (or) partial sterility and saddle and (or) seed coat color were recorded at maturity. The segregation data were analyzed using the computer program LINKAGE-1, version 90 (Suiter et al. 1983) .
'Minsoy' (female parent) was crossed with L67-3483 using standard soybean crossing techniques. 
SSR analysis
Soybean DNA was isolated from the freeze-dried leaf tissue of parents from 141 F 2 plants of a cross between 'Minsoy' and L67-3483 and from 97 F 2 plants of a cross between 'Minsoy' and Y18/y18 according to Keim et al. (1988) . SSR markers (Akkaya et al. 1992) 
Linkage analysis
The Mapmaker program (Lander et al. 1987 ) was used to construct a linkage map. An LOD score of 3 was used as the lower limit for accepting linkage between two markers. Recombination frequencies were converted to map distances in centimorgans (cM) by the Kosambi function (Kosambi 1944) . On the basis of two-point analysis, Mapmaker generated log-likelihood values for the most probable order.
Results
Genetic study
Genetic analysis
Test-cross progeny of the 16 fertile F 2 plants from the 'Clark' × L67-3483 cross gave 10 fertile and 6 female partial-sterile plants from BSR 101 crosses (Table 1) . The identical 16 fertile F 2 plants gave test-cross progeny of 6 fertile and 10 female partial-sterile plants when crossed with L67-3483 ( Table 1 ). The F 1 data were confirmed by the F 2 segregation data. All fertile (normal) F 1 plants were fertile plants in the F 2 . All female partial-sterile F 1 plants segregated female partial-sterile and fertile plants in the F 2 .
In our test crosses with BSR 101 and L67-3483, we had an exact correspondence of genotype and phenotype. If the fertile F 2 plants (from 'Clark' × L67-3483) gave a female partial-sterile phenotype in the test cross with BSR 101, they gave a fertile phenotype in the testcross with L67-3483. Alternatively, if a fertile phenotype was observed in the test cross with BSR 101, a female partial-sterile phenotype was evident with L67-3483. Thus, the F 1 plants consisted of two genotypes in equal frequency (10:6; χ 2 1:1 = 1.00, P = 0.32). One genotype corresponded, as expected, to the genotype of L67-3483 used in the initial cross-pollination of Clark × L67-3483. The F 1 phenotypic classification was confirmed in the F 2 generation.
We proposed the following genetic model explained by a single-locus female partial-sterile, Fsp1: wild-type plants such as Clark and BSR 101 are homozygous Fsp1-a/Fsp1-a, whereas mutant L67-3483 is homozygous Fsp1-b/Fsp1-b. Both homozygous genotypes are fertile, whereas heterozygous Fsp1-a/Fsp1-b plants express the female partialsterile phenotype. This genetic model is consistent with the F 1 phenotype and the F 2 segregation pattern (1:1) identified from progeny tests and test crosses.
Linkage analysis between the female partial-sterile and tan saddle mutant loci
The segregation of seed coat color and fertility and (or) partial sterility were checked in the F 2 plants. Chi-square tests for the segregation of 3 yellow seed : 1 tan saddle seed and of 1 fertile : 1 female partial-sterile F 2 plants were not significant, thereby suggesting independent loci ( F 2 families. It was concluded that the k2 and the Fsp1 loci segregated independently. The Fsp1 locus segregated independently of T, the pubescence color locus, and W1, the flower color locus (Chen and Palmer 1997) .
Molecular mapping study
Segregation patterns
The segregation of fertile to female partial-sterile plants in the F 2 generation was 74:67 and followed a 1:1 segregation (χ 2 = 0.35; P = 0.56) estimated from the single-locus genetic model. A total of 54 fertile F 3 progeny rows were grown from random selections from among the 74 fertile F 2 plants to determine the genotype at the Fsp1 locus. We also confirmed that the 54 F 3 lines were true breeding fertile plants. Testcross F 1 progeny of the 54 fertile F 2:3 plants gave 26 fertile : 27 female partial-sterile plants and followed a 1:1 segregation (χ 2 = 0.02; P = 0.89). In test-cross F 1 progeny, we genotyped fertile plants as Fsp1-a/Fsp1-a, and female partial-sterile plants as Fsp1-b/Fsp1-b.
Identification of SSR markers linked to the female partial-sterile locus
Initial screening of the F 2 population was conducted by selecting several SSR markers from each linkage group (Cregan et al. 1999) . One hundred twenty-five markers were chosen to divide each linkage group into segments of less than 30 cM. Among them, 63 markers (50.4%) showed polymorphism between parents. SSR marker Satt157 on molecular linkage group D1b+W was identified as being linked to the heterozygous female partial-sterile locus (LOD = 32.92). An additional 29 markers from this linkage group (Cregan et al. 1999 ), Satt216, Sat_096, Satt095, Satt558, Satt226, Satt542, Satt412, Satt296, Satt428, Satt579, Satt282, Satt290, Satt537, Satt600, Satt005, Satt141, Satt350, Satt041, Satt189, Sat_135, Sat_89, Satt506, Satt546, Satt604, Satt172, Satt274, Satt459, Sat_069, and Satt271, were screened between parental lines. We detected polymorphisms using SSR markers Satt266, Satt141, Satt350, Satt142, satt274, and Satt271. On the basis of LOD scores generated by the Mapmaker program, the female partial-sterile locus was linked to SSR markers Satt266, Satt141, and Satt350 with LOD scores of 45.98, 39.87, and 34.55, respectively. The most likely order of markers is shown in Fig. 1 . The female partial-sterile locus was located between Satt157 and Satt266, and linked to each by 5.3 and 1.2 cM, respectively. No polymorphisms were observed using SSR markers Satt216, Sat_096, Satt095, Satt558, Satt542, Satt412, Satt296, Satt428, Satt579, Satt282, Satt290, Satt537, Satt600, Satt005, Satt041, Satt189, Sat_135, Sat_89, Satt506, Satt546, Satt604, Satt459, and Sat_069. Segregation ratios of all tested SSR markers on molecular linkage group D1b+W provided good fits to 1:2:1 (Table 3) . Figure 2 shows comparison of the molecular linkage group D1b+W maps between the present study and a previous report (Cregan et al. 1999) . The marker order of the present map was identical to that of USDA -Iowa State University (Cregan et al. 1999) , whereas there was one difference in order in nested SSR markers Satt350 and Satt141 from two Table 2 . F 2 segregation data for linkage determination between tan saddle seed coat color (k2) locus and the heterozygous female partial-sterile L67-3483 from the soybean cross of X1878 × L67-3483.
Recombination restriction around the heterozygous female partial-sterile locus
other maps. All maps show distances between markers (cM) calculated from recombination values using the Kosambi mapping function (Kosambi 1944) . The distance between Satt157 and Satt350 has been shown to be 37.7 cM in the USDA -Iowa State University map, 38.8 cM in the University of Utah map, and 57.0 cM in the University of Nebraska map, respectively (Cregan et al. 1999) , whereas in the present study we calculated the distance to be 11.5 cM, which is shorter by almost one third to one fifth compared with the three other maps. The previous three maps were constructed from small mapping populations, a population from an interspecific hybrid, and (or) from recombinant inbred lines. We attempted to clarify the hypothesis of restricted recombination near the heterozygous female partial-sterile gene using 97 F 2 plants derived from the cross between 'Minsoy' and a Y18/y18 mutant. The recombination value between Satt157 and Satt350 was 10.4% in the 141 F 2 plant population from the cross between 'Minsoy' and L67-3483, but 37.0% in the 97 F 2 plant population from the cross between 'Minsoy' and the Y18/y18 mutant. The distance between Satt157 and Satt350 was calculated as 47.6 cM in the population of the cross between 'Minsoy' and Y18/y18, a value similar to those from the previous three maps. These data support the hypothesis of restriction of recombination around the heterozygous female partial-sterile gene.
Restriction of recombination around the genomic region including the present female partial-sterile gene demonstrated the following two possibilities: (i) the recombination event itself was restricted by the chromosomal rearrangement such as inversion or deletion, or (ii) transmission of female gametophytes carrying the recombinant chromosome around this genomic region was reduced. We clarified the second possibility, in which we speculated that the recombination between the mutant and the wild-type haplotypes resulted in a gross chromosomal change including deletions of one or more single-copy functional genes necessary for vitality resulting in abortion of female gametophytes. If it is true, F 2 plants carrying the recombinant chromosome were biased to female partial-sterile. Fifteen F 2 plants represented recombination between SSR markers Satt157 and Satt350. Among these recombinants, three genotypes at the female partialsterile locus segregated as 3 'Minsoy' type : 8 heterozygous (female partial-sterile) type : 4 L67-3483 type (1:2:1; χ 2 = 0.20; P = 0.90). Independent events between ovule lethality and recombination among this genomic region were demonstrated. The second possibility that the restriction of recombination between this genomic region was caused by the reduction of the transmission of the ovules carrying the recombinant chromosome was not supported by our data.
Discussion
A single locus, k2, tan saddle seed coat, was identified after X-ray irradiation of 'Clark'. This mutant line was designated L67-3483, and is a near-isogenic line of 'Clark'. The present study has identified the Fsp1 locus with Fsp1-a in 'Clark . This locus has maximum expression only in the heterozygous condition and transmits through both the male and female parents. The phenotype of L67-3483 is similar to PS-1, PS-2, PS-3, and PS-4, four partial female-sterile mutants that had been identified from a gene-tagging study (Palmer et al. 1989) . PS-1 has a different genetic inheritance pattern than PS-2, PS-3, and PS-4. The PS-1 mutant is a true-breeding single recessive gene (Pereira et al. 1997a) . Pollen of the PS-1 plants is fertile (and considered viable) as measured by differential staining and germination tests. The PS-2, PS-3, and PS-4 mutants transmit the partial female-sterility phenotype only through the male parent (Pereira et al. 1997b) . That is, the phenotype is not transmitted when partial-sterile plants are used as female parents. When PS-2, PS-3, and PS-4 plants are used as male parents in cross-pollinations, the F 1 plants segregate in a 1 fertile : 1 female partial-sterile ratio. The female partial-sterile phenotype is maintained by self-pollination of female partial-sterile plants. Test crosses of the male-and female-fertile plants gave all fertile F 1 and F 2 progenies (Pereira et al. 1997b ). Pollen of PS-2, PS-3, and PS-4 fertile siblings is fertile (and considered viable) as measured by differential staining and germination tests.
The inheritance pattern of the partial female-sterility of L67-3483 is different from the patterns of PS-1, PS-2, PS-3, and PS-4. L67-3483 can be propagated as a homozygote and the phenotype can be transmitted either via the male or the female parent in cross pollinations. Also, the phenotype can be transmitted by self-pollination of female partial-sterile plants that are heterozygous for the trait. Both homozygous genotypes are male fertile and female fertile. In addition to the difference in the genetic nature, the genetic map position of the present female partial-sterile gene is also different from the positions of PS-1 to PS-4 (K.K. Kato and R.G. Palmer, unpublished data). Even though the phenotype is similar between the present female partial-sterile and the previously reported PS-1-PS-4 mutants, the genetic mechanism of L67-3483 should be different from the previously reported genes. The molecular mechanisms associated with heterozygous female partial-sterile character were not investigated. It is possible that the interallelic interaction between L67-3483 and 'Minsoy' and other wild-type soybean lines interferes with ovule development. This interaction could result from a dimeric or higher-order interaction that impairs function. In the homozygous genotype of L67-3483, this multimere functions at or near the same level as in wild-type plants.
The present study suggests restriction of recombination around the mutant gene. It shows two possibilities: (i) this gene is located near or within small chromosomal inversion(s) (see Oka 1968 for an example in rice), or (ii) this gene is located near or within a small chromosomal deletion. In the former case, the restriction of crossing-over will occur in both the male and female gametophytes and will affect development of both gametophytes. In the present study, however, this gene affects the development of only female gametophyte. In maize, most chromosomal deletions are deleterious to the female gametophyte suggesting that genes essential for embryo sac viability are present throughout the maize genome (Patterson 1978; Coe et al. 1988; Buckner and Reeves 1994; Patterson 1994; Vizir et al. 1994; Vollbrecht and Hake 1995) . In the later case, however, it is likely that deletion(s) will affect ovule development in both the heterozygous and homozygous genotypes for the mutant allele. We think that it is likely that the restriction of recombination around the mutant gene is not associated directly with the heterozygous female-partial sterile. Future gene isolation studies will clarify whether possible chromosomal rearrangement(s) specifically affect gene expression during ovule development. ' and L67-3483 in the present study. (C) USDA -Iowa State University map, which was constructed from an F 2 plant population (n = 59) of the cross between Glycine max and Glycine soja (Cregan et al. 1999) . (D) University of Utah map, which was constructed from a 240-plant recombinant inbred line population of the cross between 'Minsoy' and 'Noir 1' (Cregan et al. 1999) . (E) University of Nebraska map, which was constructed from an F 2 plant population (n = 57 of the cross between a 'Clark' NIL and a 'Harosoy' NIL (Cregan et al. 1999) . Arrow indicates the position of the female partial-sterile locus (Fsp1) presented in this study. Vertical bars represent the marker position; dotted lines represent the common markers. 
